Our objective was to discover the effect of variations in fluid properties and fracture geometry on the velocity of seismic wave propagation in fluid-saturated media with parallel planar fractures. We used numerical models calculated by analytical solutions to examine the behaviour of P-wave phase velocity dispersion in the normal direction to layering, in non-porous and porous media with planar fractures. We also examined the anisotropy of low frequency phase and group velocities of fast and slow P-waves and angular-dependent reflection coefficients in media with planar fractures, under conditions of saturation by fluids with varying bulk moduli, densities, and fracture apertures. We defined several parametre r HL , r hl , and I c characterising dispersion, characterising anisotropy, r FS characterising the difference between fast and slow modes, and R 0 and G characterising reflection. Our results show that the behaviour of dispersion shows wider stopbands in the case of gas saturation. Concavity indicator of dispersion I c for gas saturation was greater than that for liquid saturation and is usually greater than one. Anisotropy is more sensitive to bulk modulus contrast than to density contrast between the solid and the fluid, and r FS is more sensitive to density contrast than to bulk modulus contrast. The case of gas saturation usually had a greater negative R 0 and a greater value of G compared with those of brine and heavy and light oil saturations. Our results are helpful in distinguishing fluid types saturating geophysical fractures and estimating the aperture and spacing of planar fractures. In seismic exploration, bulk modulus and fluid density can provide useful information in distinguishing among brine, oil, and gas; fracture geometry is important to estimate the permeability of reservoirs.
consist of a certain type of rock, such as sandstone or shale.
The dispersion and anisotropy of the propagating waves provide information about the physical properties of the fluids; this may help us to distinguish, for example, among gas, oil, and brine. We treated the fractures with a small aperture and a large transverse extent as thin layers purely containing fluid; these are called planar fractures. Media consisting of periodically spaced planar and parallel fractures with a homogeneous background solid become layered periodic media with alternating solid and fluid layers. Schoenberg (1983) called this type of media elastoacoustic media. Schoenberg (1984) took harmonic plane wave propagation through elastoacoustic media into consideration; this method involved dispersion and anisotropy for the low frequency limit.
We examined cases of differing frequencies of elastoacoustic media based on Schoenberg's method. The scattering caused by stratification led to significant frequency dependence. As velocity changed with frequency, stopbands could be observed; these are frequency bands that only make allowance for decaying waves. Schoenberg (1984) gave a calculation for measuring angular-dependent phase and group velocities by using the physical properties of media, which is used when the wavelength of the propagating waves was much greater than the spatial period of the elastoacoustic medium. Schoenberg and Sen (1983) provided an algorithm for determining the reflection coefficients as functions of incident angle, which is used when the seismic waves were reflected from an elastoacoustic medium. The various properties of fluids and the relative thickness of the fluid layers have different effects on the dispersion and the anisotropy of velocities, as well as on the angular-dependent reflection coefficient. These effects are helpful to clarify the type of fluids saturating fractures and to estimate the aperture of planar fractures.
As a result of great overburden pressure, planar fractures in deep reservoirs usually do not stay open. Hudson and Liu (1999) took into account the surface contacts of the planar fractures by modelling the fractures as a thin layer distributed with welded contacts on the surface.
Reservoirs containing pores and fractures are more interesting, because the volume of voids in the pores is much greater than that in fractures, resulting in an greater ability to hold quantities of hydrocarbon. Gurevich et al. (2009) proposed a poroelasticity approach to P-wave dispersion for such fractured and porous media.
Our main objective in this paper is to understand how dispersion, anisotropy, and reflection coefficients are influenced by fluid properties and the geometry of the parallel planar fractures. We also wanted to obtain sensitivities of the parametres, which characterise dispersion, anisotropy, and reflection, to variation in the physical property contrasts between the fluid and solid and the geometry of fractures. 
D I S P E R S I O N O F P -W A V E I N M E D I A W I T H P L A N A R F R A C T U R E S
This section presents the effects of variations in fluid properties and aperture of fractures on the frequency dependence of P-wave phase velocity in media with periodically spaced planar fractures. We considered scenarios in which wave propagation was perpendicular to the planar fractures. Brillouin (1946) made the most comprehensive work in the field of wave propagation in periodic structures. The most impressive contribution of his study was the indication of the existence of stopbands, which appear at the boundaries between the so-called Brillouin zones. Within these frequency bands, waves are attenuated but do not propagate in periodic structures. The bands in which waves propagate are called passbands. Schoenberg (1984) gave the dispersion relation of a P-wave in such an elastoacoustic medium: 
Dispersion of wave propagation normal to the layering
where ω is angular frequency and s 1 and s 3 are the components of slowness on x 1 and x 3 axes, respectively. α and β are P-and S-wave velocities of the solid layer; α f is the P-wave velocity of the fluid layer; H is the spatial period of the medium (i.e., the sum of thickness of one solid layer and one fluid layer), k is the angular wavenumber; and h s and h f are the ratios of thickness of the solid layer and the fluid layer to the spatial period H, respectively. The introduction and discussion of the Schoenberg solution are shown in the Appendix. We used numerical models to study dispersion in elastoacoustic media, in which the solid was set to be sandstone and the fluid to be brine, the spatial period H = 0.1 m, and the thickness fraction of the fluid layer h f = 5 × 10 −3 . The physical parametres of the material are shown in Table 1 ( Carcione and Quiroga-Goode 1995) . In order to show the influence of contrast in the physical properties between solids and fluids on the dispersion of waves, we chose a case in which wave propagation was perpendicular to the layers. In this case, s 1 = 0 was substituted into equation (1) . Then the equation that shows the relation between angular frequency ω and angular wavenumber k was given as follows: where k = ωs 3 and the function C(ω) can be expressed by the right-hand side of equation (1). The full real solutions of the ω − k spectrum for the medium characterised by the model in Table 1 are shown in Fig. 1 . The red straight line indicates the relation between angular frequency and angular wavenumber with a high frequency limit. The velocity in the high frequency limit v hf l was calculated as follows:
where τ f and τ s are the travel times in one fluid and one solid layer, respectively (Lee and Yang 1973) . Frequency bands for which no real solution of wavenumber exists are stopbands. Brillouin (1946) suggested that considering a wavenumber within the range −π/H ≤ k ≤ π/H was enough to fully describe wave behaviours in periodic media. Equation (5) showed that the dispersion relation was an even function; therefore, there existed the following relationship: ω(k) = ω(−k). This relationship permits a method of describing the dispersion relation by considering wavenumbers only within the interval 0 ≤ k ≤ π/H. In this way, the reduced zone scheme was obtained, and this was shown in Fig. 2a (Lee and Yang 1973) . Usually, it is convenient to work with wavenumber k covering all positive real values, leading to the need for an extended graph (Lee and Yang 1973) . The non-unique solution is due to the fact that observation of a wave only at positions at an equal distance from each other does not determine wavelength; hence, wavenumber and phase velocity cannot be determined either (Brillouin and Parodi 1953) . The We were then able to examine how phase velocity varies with frequency using the extended zone scheme from a calculated dispersion relation.
The effects of variation in fluid properties and fracture aperture on dispersion
In order to examine precisely how the properties of fluid and the thickness of fractures affected dispersion, we studied several cases in which media were saturated with different types of fluids and fluid layers of various thickness in the elastoacoustic medium. The parametres of solid layers were set to be constant, as sandstone. We first studied the cases in which media were saturated with brine, heavy oil, light oil, and gas, respectively, during which the thickness of layers was set to be constant. The properties of the fluids were shown in Table 1 . Figure 3 presents the dispersion for the case of gas saturation that shows wider stopbands; this is significantly different from the cases of liquid saturation. We then compared the frequency-dependent velocity with the velocities at high and low frequency limit. Schoenberg (1984) gave the calculation of velocity at the low frequency limit, as follows: where <> denotes thickness-weighted average. The velocity at the low frequency limit calculated by this algorithm was not accurate in extremely large bulk modulus and density contrast between two layers, so we did not calculate the velocity at the low frequency limit for gas saturation.
In order to give an intuitive description of the frequency dependence, we defined the ratio r HL = v hfl /v lfl . We examined the sensitivity of r HL to the contrast of bulk modulus and the density between the solid and the fluid by varying the bulk modulus and the density of the fluids and setting the solid to be sandstone, with a spatial period of stratification H = 0.1 m, a thickness fraction of fluid layer h f = 5 × 10 −3 . We defined ratios to characterise property contrasts, expressed by r K = K f /K s and r ρ = ρ f /ρ s , where K s and K f were bulk moduli of the solid and the fluid and where ρ s and ρ f are their densities. In Fig. 4 , the colour shows the value of r HL , and the white dots show the coordinates of brine, heavy oil, and light oil on the r ρ − r K coordinate plane. r HL is more sensitive to r K than to r ρ in the range around the coordinates of the liquids on the r ρ − r K plane. We then studied the effects of variations in thickness of the fluid layer by setting the properties of the fluid as brine and by varying the ratio h f . Figure 5 shows that the behaviour of dispersion is sensitive to h f . Figure 6 shows r HL as a function of h f for different types of liquid.
We observed that in a low frequency regime, the dispersive phase velocity can be lower than the predicted velocity of the low frequency limit, for relatively low values of h f in both the scenarios shown in Figs. 3 and 5. This phenomenon was caused by the scattering effect of layering.
D I S P E R S I O N O F P -W A V E I N F R A C T U R E D A N D P O R O U S M E D I A
This section presents the effects of variations in the fluid properties and spacing of planar fractures on frequency dependence of P-wave phase velocity in fractured and porous media. We considered scenarios in which wave propagation was perpendicular to the planar fractures. In realistic scenarios, the host rock is usually porous instead of homogeneous. The space in pores is much greater than that in fractures, so the storage of hydrocarbon in the pore space is considerable. We studied the sensitivity of P-wave dispersion to the contrast between fluid and solid properties and fracture spacing in fractured and porous media.
We considered a model consisting of a porous medium with planar fractures of infinite transverse extent. Gurevich et al. (2009) suggested that if the scale of the fracture size was much greater than that of the wavelength and the fluid diffusion length of the host rock, planes of weakness or linear slip can be used as an approximation of the fractures. Schoenberg (1980) showed that such fractures could be described as thin and high compliant layers with bulk and shear moduli proportional to the thickness of the fluid layer. The effect of the fractures on the overall elastic behaviour of the medium can be characterised by two parametres the normal and tangential excess fracture compliances Z N and Z T . Based on the linear-slip approach for fractured elastic medium (Schoenberg 1980) , Brajanovski, Gurevich and Schoenberg (2005) modelled porous media with aligned fractures as periodic stratified systems consisting of alternating layers: relative thick layers of a finite porosity background material and relative thin layers of a high porosity material composing the fractures. The approach of Norris (1993) are applied to relate the overall fluid-saturated layered media to the properties of the background and fractures. The porous media permeated by a set of aligned fractures are obtained by taking the limit h c → 0 and φ c → 1 regarding the result of Norris (1993) , where h c and φ c are the thickness fraction and porosity of the layer representing fractures. The results of Brajanovski et al. (2005) show that frequency-dependent saturated P-wave modulus c sat 33 for the wave propagation perpendicular to the fractures of such a medium is as follows:
where
B M are the dry and saturated P-wave moduli of the host rock matrix, respectively, and K m and μ m are its dry bulk and shear moduli; α B and M are given by the following equations:
normalized frequency and normal fracture weakness N are given by the following equations (Schoenberg and Douma 1988; Bakulin et al. 2000) : We made numerical models to study the dispersion of the porous and fractured media. The parametres of the host porous medium are shown in Table 2 . We first set the normal weakness of the fractures as N = 0.2 and spatial period as H = 27 m (Lambert, Gurevich and Brajanovski 2006) . We assumed that the aperture of fractures was extremely small, so the distance between two fracture planes are approximately equal to the spatial period H. Figure 7 shows the frequency-dependent P-wave velocities for porous and fractured media saturated by brine, heavy oil, light oil, and gas. The differences between high and low frequency velocity are greater in the cases of brine and gas saturation than in those of heavy and light oil saturation. The behaviour of dispersion is in the low frequency regime for gas saturation, in the intermediate frequency regime for brine saturation, and in the high frequency regime for the heavy and light oil saturation, as shown in Fig. 7b . Thus, the concavities of the dispersion curves are different for different types of fluids. We defined two parametres to characterise the dispersion: the ratio of high to low frequency velocity r hl and the concavity indicator I c , defined as r hl = v hf /v l f and
where v hf , v mf , and v l f were P-wave velocities for high, intermediate and low frequency waves. In our numerical model, we set high frequency as f h = 1 × 10 6 Hz, intermediate frequency as f m = 2000 Hz, and low frequency as f l = 10 Hz, which corresponds to the frequencies in bands of ultrasonic waves, sonic logging waves, and seismic waves, respectively. The values of r hl and I c are calculated by equation (8) and their definitions. Fig. 8 shows the sensitivities of r hl and I c to r K and viscosity η, and the red dots denote the coordinates of brine, heavy oil, light oil, and gas on the r K − η coordinate plane. Both the heavy oil saturation and light oil saturation have similar values of both r hl and I c . Gas saturation has higher values of both r hl and I c , and the brine saturation has a value of I c between gas saturation and oil saturation and a lower value of I c . We set a various normal fracture weakness N in order to study the effect of its variation in r hl and I c and the sensitivity of r hl and I c to N , during which the physical parametres of solid, fluids, and the background matrices were set to be constant, as was shown in Table 2 and in H = 27 m. In light oil saturation, and both r hl and I c are sensitive to N for gas saturation. We set a various spatial period H to obtain the effects of variations on r hl and I c and the sensitivity of r hl and I c to H, as shown in Fig. 10 , during which the physical parametres of solid, fluids, and matrices were set as was shown in Table 2 and in N = 0.2. Figures 9 and 10 show that, in the range of N and H, we examined, the value of I c is high for in the case of gas saturation, usually higher than 1; this result easily distinguishes gas saturation from brine and heavy and light oil saturations. The value of r hl is usually higher for brine saturation than for heavy and light oil saturations. This result may thus help to distinguish brine saturation from others. 
A N I S O T R O P Y O F P -W A V E S I N M E D I A W I T H P L A N A R F R A C T U R E S
This section presents the effects of variations in fluid properties, fracture aperture, and contact on the fracture surface on the angular dependence of phase and group velocities of P-waves in media with periodically spaced planar fractures, for the case in which wavelength is much greater than the spatial period.
Anisotropy of phase and group velocities of P-waves in elastoacoustic media
In order to discuss the case of low frequency in which the spatial period of layers is much thinner than a wavelength, it was necessary to set the limit as angular frequency, ω, to approach zero. We also used an elastoacoustic medium to approximately describe the medium with parallel planar fractures. The elastoacoustic medium presents anisotropy because of stratification in the case of a low frequency limit. The angular-dependent phase slowness in an elastoacoustic medium for a low frequency limit was given by Schoenberg (1984) as the following: (13) where s was phase slowness and where θ was the angle between phase slowness and the normal direction of stratification. The plate velocity was given by α pl = 2(1 − β 2 /α 2 ) 1 2 β, and α pl of the fluid layer equaled zero. The symbol <> represents thickness-weighted average. There are two real positive roots of s, one corresponding to a fast mode of P-wave, for which the motions in solid and fluid are in phase, and the other to a slow mode, for which the motions in solid and fluid are 180
• out of phase (Schoenberg 1984) .
The group velocity for the case of a low frequency limit was given by Schoenberg (1984) as follows:
where e n was the outward unit vector perpendicular to the slowness surface. Thus, the magnitude of group velocity equals the reciprocal of the projection of s on the direction perpendicular to the slowness surface, and the direction of the group velocity is then normal to the slowness surface.
We made numerical models to study the effects of variations in fluid properties and thickness fractions of fluid layer h f on anisotropy at a low frequency limit. The parametres of the elastoacoustic medium are shown in Table 1 h f = 0.01. Figure 11 shows the angular-dependent phase and group velocities of fast and slow P-waves in elastoacoustic media for the cases in which fluid layers are saturated with brine, heavy oil, and light oil. We followed the Thomsen (1986) parametre to define a parametre = (v 2 − v 2 ⊥ )/(2v 2 ⊥ ) to characterise the anisotropy, where v and v ⊥ were the phase velocities of fast P-waves in the directions parallel and perpendicular to stratification. We defined another parametre r FS = v /v slow to characterise the difference of velocities between fast and slow P-waves, where v slow was the phase velocity of slow P-waves in a parallel direction. In order to investigate the sensitivity of anisotropy and difference between fast and slow P-waves to the contrast of bulk modulus and density between the fluid and the solid, we examined the values of and r FS as functions of r K and r ρ . Figure 12 shows that is sensitive to r K but not sensitive to r ρ ; r FS is sensitive to r ρ but not sensitive to r K . The white dots indicate the coordinates of brine, heavy oil, and light oil saturation on the r K − r ρ coordinate plane. We then examined the effects of variations in the thickness fraction of fluid layer h f on anisotropy of phase and group velocities by setting the fluid layer to be saturated with brine, as shown in Fig. 13 . Figure 14 shows the crossplot of and r FS for varied h f . An increase of h f leads to increase of and a decrease of r FS for the cases of brine and heavy and light oil saturations. As h f becomes relatively large, r FS approaches a constant value. The values from large to small correspond to light oil, heavy oil, and brine saturations.
Anisotropy of P-wave velocity in heavily faulted structures
We used elastoacoustic media as an approximation of media with parallel planar fractures in the study of anisotropy of wave velocities. However, planar fractures usually do not stay open, due to great overburden pressure in a deep reservoir; therefore, we needed to take the contacts of the boundaries of the planar fractures into account. Hudson and Liu (1999) 
Figure 16
Reflection coefficient versus incident angle for reflection from homogeneous sandstone to the elastoacoustic medium saturated with brine, heavy oil, light oil, and gas, respectively.
follows:
where K and μ are, respectively, the bulk and shear moduli of the material saturating the fractures, d is the aperture of the fracture, and b is the radius of the welded regions. The relative non-contact area of the fractures r is given by
where ν w is the number density of welded contacts on the fracture surface. The overall stiffness of the effective medium can be obtained by the Backus average (Backus 1962) of the background solid layer, and the equivalent layer is calculated by equation (15) (Mavko, Mukerji and Dvorkin 2009) . We made numerical models based on the elastoacoustic medium, then added welded contacts to the fluid layers. 
A N G U L A R D E P E N D E N C E O F R E F L E C T I O N I N V O L V I N G P L A N A R F R A C T U R E S
This section presents the effects of variations in fluid properties and aperture of fractures on the angular dependence of the reflection of P-waves propagating from homogeneous solid media to media with periodically spaced planar fractures. We considered scenarios in which planar fractures were parallel to the interface. The effect of fluid properties on the angular dependence of reflection involving media with parallel planar fractures is of importance because the angular dependence of reflection is vital in amplitude versus offset (AVO) analysis in reflection seismology. We made numerical models to examine the effects of variations in fluid properties and fracture apertures on angular-dependent reflection coefficients. The medium consists of two half-spaces, and the interface coincides with x 1 − x 2 coordinate plane. An elastoacoustic medium occupies the positive x 3 half-space, with the layering parallel to the interface, and a homogeneous solid medium occupies the negative x 3 half-space. Schoenberg and Sen (1983) gave the following equation of reflection coefficient for low frequency:
where R was the reflection coefficient, ρ (0) and < ρ > were densities of the incident medium and the thickness weighted density average of the transmitted elastoacoustic medium, and s
3 and s 3 were the components of phase slowness perpendicular to the stratification of the incident medium and the elastoacoustic medium, where s 3 is given by Schoenberg (1984) as follows:
where s 1 is the component of phase slowness in the direction along the x 1 axis, which remains constant across the interface. We set the solid and fluid to be sandstone and brine; their physical properties were shown in Table 1 , and the thickness fraction of the fluid layer in the elastoacoustic medium was set as h f = 0.01. The incident plane P-waves hit the interface from the homogeneous solid medium, then reflected 
Figure 18
Cross-plot of R 0 and G for varied h f and the cases in which the elastoacoustic medium was saturated with brine, heavy oil, light oil, and gas. The size of the dots indicates the relative value of h f , which ranged from 1 × 10 −3 to 0.1.
back to the solid medium, and transmitted to the elastoacoustic medium. The propagation of the reflected and transmitted waves was parallel to the x 1 − x 3 coordinate plane. Figure 16 shows the angular dependence of reflection coefficient for cases where the elastoacoustic medium was saturated with brine, heavy oil, light oil, and gas. The case of gas saturation shows a greater negative value and a less negative derivative of the reflection coefficient than that of the cases of liquid saturation. In order to characterise the angular dependence of the reflection coefficient, we defined two parametres following Shuey Approximation in AVO analysis (Shuey 1985) . R 0 represents the reflection coefficient for a normal incidence, and G is defined as an approximation of the AVO gradient with G = (R(40
, where R(40 • ) is the reflection coefficient with the incident angle equal to 40
• . We set the solid to be sandstone and varied the bulk modulus and density of the fluid to examine the sensitivity of the angular dependence of reflection coefficient to the contrast of the solid and fluid properties. Figure 17 shows R 0 and G as functions of r K and r ρ . R 0 and G are both more sensitive to r K than to r ρ , in the range of r K and r ρ covering the elastoacoustic media saturated with brine, heavy oil, light oil, and gas. We examined the sensitivity of the angular dependence of reflection coefficient to the thickness fraction of the elastoacoustic medium, h f , setting the solid to be sandstone, and we varied h f from 1 × 10 −3 to 0.1. Figure 18 shows the effects of variations in h f on R 0 and G for the cases in which the elastoacoustic medium was saturated with brine, heavy oil, light oil, and gas, respectively. The case of gas saturation usually had a greater negative R 0 and greater G compared with that of liquid saturation; this result helps distinguish gas saturation from liquid saturation.
D I S C U S S I O N
Our objective was to understand how the aperture and spacing of fractures and the physical properties of fluids control velocity dispersion, anisotropy, and reflection coefficients in media containing parallel planar fractures. We used numerical models to examine the sensitivity of dispersion, anisotropy, and angular dependence of reflection to the variations of physical properties between solids and fluids and to the aperture and spacing of planar fractures. We used two models in this paper; they were built based on approaches of Schoenberg (1984) and Brajanovski et al. (2005) . The assumptions of the Schoenberg (1984) approach are that each layer is isotropic and homogeneous and that the viscosity of the fluid is ignorable. This approach can be applied to the scenarios in which the aperture of fractures is not ignorable and the background rock is not porous. The assumptions of Brajanovski et al. (2005) are that the solid layers representing the background rock are porous; the thickness of the fluid layers representing fractures is far less than that of the solid layers; the fluid saturating the pores and fractures are viscous. This approach can be applied to the scenarios in which the aperture of fractures is extremely small and the porosity of background rock is considerable.
C O N C L U S I O N
Dispersion occurs for propagating P-waves when planar fractured media are modelled as elastoacoustic media and stopbands existed. Our results show that the behaviour of dispersion shows wider stopbands in the case of gas saturation; this is significantly different from the cases of liquid saturation. With liquid saturation, r HL is more sensitive to r K than to r ρ . The dispersive velocity is significantly sensitive to h f due to scattering.
The values of r hl and I c of the gas and brine saturations were sensitive to variations in N , whereas those of heavy and light oils were not, for dispersion in porous media with planar fractures. I c of gas saturation was greater than that of liquid saturation and is usually greater than 1. The value of r hl was usually high, the value of I c was low for brine saturation, and the values of r hl and I c were usually low for heavy and light oil saturation. The results are helpful in distinguishing different types of fluids.
When wavelength is much greater than the spatial period of the medium, there are two modes of P-waves, fast and slow. Our results show that is more sensitive to r K than to r ρ , and r FS is more sensitive to r ρ than to r K . increases and r FS decreases as h f increases. As h f reaches a relatively large value, the asymptotic values of r FS exist, which from large to small correspond to light oil, heavy oil, and brine. The existence of welded contacts on the surfaces of the planar fractures resulted in the weakening of the anisotropy of fast P-wave velocities. Anisotropy of slow P-waves and dispersion involving contacts of fractures will be the subjects of the future work.
For the reflection of P-waves from a homogeneous solid medium to a medium with planar fractures, R 0 and G are more sensitive to r K than to r ρ . The case of gas saturation usually had a greater negative R 0 and a greater value of G compared with those of brine and heavy and light oil saturations.
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